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The morphology of ultrafine particles (UFPs; diameter< 100 nm) collected on and near
major Los Angeles freeways in April 2006 is reported. Samples were size selected with
a differential mobility analyzer, collected by a nanometer aerosol sampler, and analyzed
using a transmission electron microscope. Typical observed morphologies included
aggregates, spheres, irregularly shaped particles, and particles with multiple inclusions.
For freeway aerosols with 50 nm electrical mobility diameter, most (>90%) electron-
opaque particles were surrounded by an electron-transparent material. This suggests that
much of these particles were heterogeneously internally mixed. The fraction of UFPs in
a given morphology class collected on and at increasing downwind distance from the I-405
freeway was compared. The fraction of aggregates measured 90 m downwind of I-405 was
significantly less than the fraction measured on the freeway (p-value< 0.01). Because
aggregates are a primary aerosol (directly emitted), this may indicate that secondary
aerosol (formed in the atmosphere) becomes more prevalent with increasing distance
from the freeway. The fraction of particles with multiple inclusions measured 90 m
downwind of I-405 was significantly greater than the fraction measured on the freeway
(p-value< 0.01). The increase in the number of particles with multiple inclusions with
increasing distance from the freeway suggests that dilution does not prevent particles from
colliding and merging which may alter the particle size distribution.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Particle morphology influences particle optical proper-
ties in the atmosphere (Bond and Bergstrom, 2006) and
may affect how particles interact with lung epithelial cells
(Stearns et al., 2001). Whether ultrafine particles (UFPs;
diameter< 100 nm) are present as single spheres or
aggregated spheres affects their deposition efficiency in the
lung (Oberdörster, 2001). The morphology of atmospheric
aerosols has been found to differ with respect to particle
size range, location of sampling, and collection method.
Typical reported morphologies included aggregates,
spheres, irregularly shaped, and bar-shaped particles
(Katrinak et al., 1993; Dye et al., 2000; Xiong and
x: þ1 361 593 2069.

. All rights reserved.
Friedlander, 2001; Okada and Heintzenberg, 2003; Shi
et al., 2003; Yue et al., 2006). In addition, volatile particles
with non-volatile inclusions have been observed using
a transmission electron microscope (TEM) (Okada and
Heintzenberg, 2003). Atmospheric particle volatility was
associated with the electron-opacity of the particle after
bombardment with the electron beam in the TEM.

Diesel and gasoline vehicle emissions are major sources
of UFPs in urban environments and usually consist of solid
soot aggregates coated with an adsorbed hydrocarbon and
sulfate layer, volatile organic and sulfuric acid droplets, and
ash (Kittelson, 1998). Wentzel et al. (2003) measured an
average primary particle diameter of 22.6� 6 nm and
fractal dimension of 1.70� 0.13 for diesel aggregates using
TEM analysis. For aggregates emitted by a spark-ignition
(SI) engine, Chakrabarty et al. (2006) observed a bimodal
primary particle size distribution (20–24 nm and 54–
60 nm) during a driving cycle which incorporated high
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vehicle speeds. The fractal dimension of SI engine-emitted
aggregates ranged from 1.7 to 1.78. Mathis et al. (2004)
analyzed volatile diesel and SI engine exhaust particles by
TEM and found that particles in the size range of about 10–
40 nm were generally spherical. They grouped these
particles into three classes: a highly volatile hydrophilic
group, a less volatile hydrophobic group, and a mixture of
both, which had intermediate volatility. Rönkkö et al.
(2007) observed an abundance of volatile UFPs with a non-
volatile core emitted from a heavy-duty diesel engine
equipped with exhaust gas recirculation. Their results were
based on the comparison of particle number–size
distributions for exhaust with and without treatment of
a thermodenuder. Khun et al. (2005) assessed the volatility
of UFPs near a light-duty vehicle freeway using a tandem
differential mobility analyzer (TDMA) with a heater
between the two DMAs. Their measurements indicate that
a large fraction of near-freeway UFPs consists of volatile
material. It was observed that 94% of 40 nm and 80% of
80 nm particles were internally mixed. For particles larger
than the ultrafine size range, irregularly shaped ash was
present in diesel exhaust (Bérubé et al., 1999) and emis-
sions from combusting fuel oil in a three-pass fire-tube
package boiler (Chen et al., 2004).

UFPs make up most of the total atmospheric particle
number concentrations, and are present at concentrations
of about 104 particles cm�3 of air in Southern California
cities (Cass et al., 2000). Higher total particle number
concentrations are present near major freeways than in
community air in Los Angeles, CA (Zhu et al., 2002a,b; Zhu
et al., 2004). For particles in different size ranges, distinct
number concentration decay characteristics were found
with distance from freeways (Zhu et al., 2002a). The data
suggested coagulation had occurred. However, in a later
multi-component sectional aerosol dynamic model anal-
ysis of the same data set, Zhang et al. (2004) found that
changes in the number–size distribution occurred mainly
due to condensation and evaporation processes, and that
coagulation and deposition had little effect. Morphological
analysis of UFPs with distance from a freeway may give
insight on the processes involved in altering the number–
size distribution. For example, an increase in the number of
solid particles with a liquid film may be evidence of particle
growth by condensation.

The change in atmospheric particle morphology with
increasing distance from a roadside has not been examined
previously. Only one study has characterized the
morphology of atmospheric particles near a roadway (Dye
et al., 2000) in which a higher fraction of aggregates was
measured in roadside aerosol (94%) than in urban back-
ground aerosol (89%). It was suggested that this was due to
condensation and evaporation on the particle surface,
agglomeration, and coating that caused the aggregates to
restructure to compact solid particles during aerosol
transport from roadside to community air. However,
atmospheric aggregates were not found to become more
compact following condensation and evaporation of water
on their surface (Kim et al., 2001). This discrepancy illus-
trates that the mechanisms which alter the morphology of
atmospheric aerosol as it moves from the roadside to
community air are not fully understood.
In this paper, we report typical UFP morphologies
observed on and near two major Los Angeles freeways. The
number fraction of UFPs of a given morphology on
a freeway and 30, 60, and 90 m downwind of the freeway
was compared. To our knowledge, this is the first study to
measure changes in atmospheric UFP morphology with
increasing distance from a freeway.

2. Methods

2.1. Sampling sites and measurement periods

Measurements were made using a mobile laboratory
developed for on-freeway particulate matter exposure
health studies (Zhu et al., 2008). Samples were collected
while driving on two Los Angeles freeways (i.e., I-405 and I-
710) with distinct fractions of heavy-duty diesel trucks on
April 21 and 25, 2006. Samples were also collected 30, 60,
and 90 m downwind of I-405 on Constitution Avenue on
April 24, 28, and 29, 2006.

UFPs were sampled for 1 h at each distance for near-
freeway measurements and 30 min for on-freeway
measurements. Meteorological conditions and traffic
density were similar for I-405 on- and near-freeway
measurements. This is important, because it allows samples
from different days to be aggregated together. The mean and
standard deviation of wind speed, temperature, relative
humidity, barometric pressure, and total particle number
(#) concentration were 6.3�1.2 mph, 64.4�1.5 F, 61.7�
8.1%, 29.67� 0.75 in Hg, and (5.25�1.29)� 104 # cm�3,
respectively. During the near-freeway sampling period
(10 am–2 pm), a consistent sea breeze (parallel to Consti-
tution Ave.) developed and brought freeway aerosols to the
sampling sites. No significant UFP sources were observed
upwind of the freeway near the sampling points. A detailed
description of the I-405 sampling site can be found in Zhu
et al. (2002a). I-405 and I-710 on-freeway measurements
were made on days in which the temperature, relative
humidity and barometric pressure were fairly similar; their
mean and standard deviation were 62.8� 1.7 F, 63.2�7.1%,
and 29.20� 0.94 in Hg, respectively. However, the wind
speed was about 40% less and the total particle concentra-
tion 60% greater on I-710 than on I-405. These differences
are discussed in Section 3.4.

2.2. Instrumentation

Freeway aerosols were charged by a bipolar diffusion
charger and size selected for 50 nm particles using
a differential mobility analyzer (DMA, Model 3080, TSI Inc.,
Shoreview, MN). The electrical mobility diameter (de)
50 nm was selected because it was in the second mode of
the number–size distribution for aerosol near I-405, which
allows the observation of the change in prominence from
the smaller to the larger modes (Zhu et al., 2002a). The
sample and sheath flow rates were 2 and 20 L min�1,
respectively. The size-selected aerosol was passed through
a nano-aerosol sampler (NAS, Model 3089, TSI Inc., Shore-
view, MN), which had an electric potential of 10 kV.
Particles were deposited on a TEM grid that was fixed to
the electrode in the NAS. The NAS is an electrostatic
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precipitator, which was designed to collect charged nano-
particles on a substrate for off-line analysis. In a conven-
tional electrostatic precipitator, particle charging and
collection takes place simultaneously. In this alternative
design, the aerosol is charged before entering the NAS for
collection. The NAS was chosen for sample collection for
the following reasons: (1) it was designed such that
particles are collected uniformly on the sample substrate.
Thus, a small fraction of the sample could be analyzed that
is representative of the whole. (2) It has less power
requirements than an impactor, so it could be used in
conjunction with a battery supply on a mobile laboratory
unit for on-freeway measurements. (3) Particles in the
nanometer size range are collected with high efficiency.

The total (non-size selected) on- and near-freeway
aerosols were also sampled. The total aerosol was charged
by the bipolar diffusion charger and passed through the
NAS at 1 L min�1 and 10 kV for collection. For each
experimental condition, one sample was collected on
a 400-mesh copper TEM grid with a carbon/formvar film
(Electron Microscopy Sciences, PA). The formvar compo-
nent provided extra support to prevent fracture of the film
during sampling. For each experimental condition, w500
particles were randomly selected out of w10,000 particles
collected. In total, about 2500 particles were individually
analyzed for the five studied conditions, i.e., on I-405, on
I-710, 30, 60, and 90 m downwind of I-405. Samples were
analyzed using a JEOL 100 CX TEM (JEOL, Tokyo, Japan) at
magnifications of 2�104 to 105.

Particle number–size distributions, in the 6–220 nm
diameter range, were measured using a scanning mobility
particle sizer (SMPS 3936L85, TSI Inc., St. Paul, MN). The
SMPS consisted of a DMA (Model 3080) and a water
condensation particle counter (WCPC; Model 3781, TSI Inc.,
Shorview, MN). Size distributions were measured at 2 min
intervals by the SMPS continuously during sample collec-
tion with the DMA and NAS. SMPS output was exported in
the Aerosol Instrument Manager software (version 5.1, TSI
Inc., St. Paul, MN).

2.3. Uniformity of particle deposition in NAS

The uniformity of particle deposition on the sample
substrate was examined. It is important for the particles to
be uniformly distributed so that a small part of the
substrate can be analyzed that is representative of the
whole. The TEM grid is a copper lattice coated with
a carbon/formvar film. Particles are observed on the
transparent squares (mesh; 37� 37 mm) of the grid. The
number of particles per mesh was determined for one of
the sampling conditions used in the experiment. We found
the standard deviation in the number of particles per mesh
was less than 10% indicating fairly uniform deposition.
Thus, only about 5% of the particles, approximately 500
were randomly selected for TEM analysis under each
experimental condition.

2.4. UFP collection efficiency by the NAS

NAS collection efficiency is discussed (in what follows)
to examine whether particles of a given morphology are
preferentially collected. Preferential collection of a given
morphology is detrimental, because it would inhibit an
unbiased comparison. In addition, collection efficiency is
discussed to show that the fraction of particles of given
morphology can be compared at varying distance from the
freeway, but the results cannot be used to calculate the
actual fraction present in the near-freeway aerosol.

The collection efficiency of the NAS depends on the
particle electrical mobility diameter, and was determined
previously by the manufacturer for spherical particles at
1 L min�1 and 10 kV setting (TSI Inc., 2001). Under this
condition, particles with 50 nm de (the size selected for our
study) are expected to be collected with greater than 90%
efficiency. Since the flow rate of our study (2 L min�1) was
larger than 1 L min�1, the collection efficiency was probably
less than 90%. This is because at a higher flow rate, the
residence time of the particles in the region near the
electrode decreases, so there is less time for electrical
migration. Since the collection efficiency was not measured
previously for the flow rate of our study and for aggregates,
the fraction of particles collected cannot be related to the
fraction of particles present in the atmosphere. However,
the change in the fraction of particles collected with respect
to increasing distance from the freeway can be compared.

The performance of a device with similar geometry as the
NAS was modeled previously by solving numerically the
steady-state Navier–Stokes equation for incompressible
flow, the convective-diffusive aerosol transport equation
with electrostatic and gravitational external forces, and the
Laplace equation for the electrical potential (Dixkens and
Fissan, 1999). The model results indicate that the major
mechanism of particle collection is electrostatic precipita-
tion, by which particles of a given electrical mobility migrate
and deposit on an oppositely charged surface. Diffusion
played a minor role in the collection of particles larger than
10 nm, and contributed less than 1% to the collection effi-
ciency of 50 nm particles. However, this model did not
account for the dependence of the drag force on particle
morphology which may be a source of error in their analysis.

In what follows, we consider whether a sphere and an
aggregate may deposit differentially by diffusion. Differ-
ential deposition by diffusion is undesirable because it
would result in the disproportionate collection of particles
of a given morphology and a bias in the fraction measured.
Before collection, particles of a given electrical mobility
diameter are selected. An aggregate and a sphere with unit
charge and the same electrical mobility diameter have the
same migration velocity (Lall and Friedlander, 2006).
Particle migration velocity (ce) is given by the following
expression (Friedlander, 2000):

ce ¼
ieE
f

(1)

where i is the number of charges, e is the electronic charge,
E is the electric field intensity, and f is the friction coeffi-
cient. Thus, a sphere and an aggregate with unit charge in
the presence of the same electric field, have the same
friction coefficient. The diffusion coefficient (D) depends on
the friction coefficient as described by the Stokes–Einstein
equation (Friedlander, 2000):
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D ¼ kT
(2)
f

where k is the Boltzmann constant and T is the tempera-
ture. If the friction coefficient of a sphere and an aggregate
with unit charge are the same, the diffusion coefficients
would be equivalent. Thus, because the aerosol has been
size selected for a given electrical mobility diameter, the
diffusion coefficient of a sphere and an aggregate are
expected to be the same. This implies that spheres and
aggregates may not be differentially collected in the NAS.

The above analysis was carried out assuming that
spheres and aggregates both have single charge, but their
charging efficiency may differ (Lall and Friedlander, 2006).
In the bipolar diffusion charger of the DMA for 50 nm de,
the charging efficiency of singly charged aggregates (20–
30 nm primary particle diameter) can be 10–20% greater
than that for singly charged spheres (Lall and Friedlander,
2006). Because aggregates have a greater charging
efficiency, they would be preferentially collected. For this
reason, we do not compare the fraction of spheres and
aggregates sampled. However, we compare of the change in
fraction of a given morphology at increasing distances from
the freeway.

We also evaluated whether a significant portion of
particles would be deposited in the NAS by inertial
impaction. The impaction parameter (Stokes number) was
evaluated for a sphere (Stksph) and an idealized aggregate
(Stkagg) (Lall and Friedlander, 2006) with 50 nm electrical
mobility diameter for the entrance conditions. For a sphere,
the Stokes number is given by the following expression
(Hinds, 1999):

Stksph ¼
r0d2

pUjC
�
dp

�

18mLj
(3)

where r0 is unit density, dp is the particle diameter, Uj is the
jet velocity, Lj is the jet diameter, C(dp) is the slip correction
factor, and m is the air viscosity. As derived in Barone et al.
(2006), the following expression can be utilized for the
Stokes number of an ultrafine aggregate:

Stkagg ¼
lprpdppUj

3c�mLj
(4)

where l is the mean free path of the gas (w65 nm at
atmospheric pressure), rp is the primary particle density
(1.77 gcm�3 for diesel aggregates measured by Park et al.
(2004a)), dpp is the primary particle diameter, and c* is the
dimensionless drag force which depends on aggregate
orientation in the flow (Chan and Dahneke, 1981). Eq. (4)
applies to idealized aggregates in the free molecular
regime, for which the value of the Knudsen number
(Kn¼ 2l/dpp)� 10 (Lall and Friedlander, 2006). In this
study, aggregates had a dpp of approximately 20 nm and the
value of Kn was about 6. Although the Kn value is less than
10, Eq. (4) was used to obtain an approximate estimate.

Because Stkagg is a function of c*, it depends on aggre-
gate orientation in the flow. Previous experimental obser-
vations indicate that particles with large length to width
ratios align with major axis parallel to the flow in an inertial
impactor operated at near atmospheric pressure (Kasper
and Shaw, 1983; Morigi et al., 1999). Thus, 6.62 was used for
c* for parallel orientation in the calculation of Stkagg

(Dahneke, 1982).
The values of Stksph and Stkagg were evaluated for the

sample flow rate 2 L min�1, which corresponds to an
entrance velocity 265 cm s�1. Stksph and Stkagg are
0.54�10�5 and 1.6�10�5, respectively. Because the values
are <1, it is expected that inertial impaction plays a minor
role (Hinds, 1999).

3. Results and discussion

3.1. Typical UFP morphologies on- and near-freeway

Typical UFP morphologies collected on- and near-
freeway are shown in Fig. 1. Because our sampling tech-
nique, sampling location, and particle size range differed
from previous atmospheric particle morphology studies,
a direct comparison of the types of morphologies collected
cannot be made. However, similarities are mentioned
below to provide some frame of reference. Consistent with
previous studies, spheres (Dye et al., 2000; Xiong and
Friedlander, 2001; Okada and Heintzenberg, 2003; Yue
et al., 2006), aggregates (Katrinak et al., 1993; Dye et al.,
2000; Xiong and Friedlander, 2001; Okada and Heintzen-
berg, 2003; Shi et al., 2003; Yue et al., 2006) and irregularly
shaped particles (Dye et al., 2000; Okada and Heintzenberg,
2003; Yue et al., 2006) were present in our samples. In
addition, particles with inclusions were observed as in the
study of Okada and Heintzenberg (2003). Furthermore, the
presence of aggregates and spheres is consistent with
morphology studies of vehicle-emitted particles (Wentzel
et al., 2003; Mathis et al., 2004; Chakrabarty et al., 2006).
Adopting the terminology of Okada and Heintzenberg
(2003), particles are denoted as electron-opaque and
electron-transparent as a qualitative description of
differing materials which compose particles observed by
TEM. Thus, we grouped the aerosol into the following
morphology classes: aggregates (Fig. 1a), electron-opaque
spheres (Fig. 1b), electron-transparent spheres (Fig. 1c),
irregularly shaped particles (Fig. 1d), and particles with
multiple inclusions (Fig. 1e).

Chemical analysis of individual particles by energy
dispersive X-ray spectrometry or electron energy loss
spectroscopy was not feasible during the period of this
study. It is intended to pursue this important aspect in
a future study. For on- and near-freeway samples, UFP
aggregates are most likely carbonaceous by-products of
gasoline and diesel combustion. Electron-opaque spheres
(Fig. 1b) may be solid or consist of a liquid with low vola-
tility which did not evaporate in the low pressure envi-
ronment of the TEM. Electron-transparent spheres (Fig. 1c)
may be the thin film left behind after the evaporation of
volatile organic carbon and/or sulfuric acid droplets (Okada
and Heintzenberg, 2003; Mathis et al., 2004). Irregularly
shaped particles were electron-opaque and may be solid or
consist of a low volatility liquid (Fig. 1d). Metallic irregu-
larly shaped particles are present in diesel exhaust, but
their size is in the super micron range (Bérubé et al., 1999;
Chen et al., 2004). Thus, it is more likely that ultrafine
irregularly shaped particles are carbonaceous. A single



Fig. 1. TEM photomicrograph of (a) an aggregate, (b) electron-opaque sphere, (c) electron-transparent sphere, (d) irregularly shaped particle and (e) particle with
multiple inclusions collected on- and near-I-405 by the NAS.
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liquid particle with multiple inclusions (Fig. 1e) was elec-
tron-opaque or electron-transparent. It contained smaller
solid and/or liquid particles inside or on the edge.

3.2. Change of UFP size distribution with distance from I-405

UFP number size distributions were monitored contin-
uously using the SMPS during sample collection. Distribu-
tions obtained at the middle of each sampling period are
shown for measurements made on I-405 (Fig. 2a) and at
distances 30, 60, and 90 downwind of I-405 (Fig. 2b–d,
respectively). The geometric mean diameter (mg) and
geometric standard deviation (sg) are shown for distinct
modes of the distributions. A small-size mode with mg

14.3�1.5 nm was prevalent in the on-freeway distribution.
This mode decreased with increasing distance from the
freeway, and a larger size mode with mg 35.9� 2.9 nm
became dominant at 90 m. This is similar to what Zhu et al.
(2002a) had observed previously, that the concentration of
the smaller particles (<25 nm) decreased more dramati-
cally than the larger (25–100 nm) particles with increasing
distance from the freeway. These observations suggest
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particles in the smaller modes may coagulate and shift to
the larger modes while moving away from the I-405. The
data of Zhu et al. (2002a) were simulated later using
a multi-component sectional aerosol dynamic model
(Zhang et al., 2004). The model included mechanisms of
condensation and evaporation. There was good agreement
between the predicted and measured number–size distri-
butions, and coagulation was expected to have a minor
effect. Subsequently, we analyzed UFP morphology change
with distance from the I-405 to provide insight on the
processes involved in altering the number–size distribu-
tion. Based on our analysis presented in the ‘‘NAS UFP
Collection Efficiency’’ section, we compared the fraction of
particles in a given morphology class at distances from the
freeway.

3.3. Change of UFP morphology with distance from I-405

Individual 50 nm de particles collected on- and near-
I-405 were grouped according to material contrast in the
TEM. Previous studies have indicated that atmospheric and
vehicle-emitted UFPs which differ in contrast in the TEM
after bombardment with the electron beam may differ in
chemical composition and volatility (Okada and Heintzen-
berg, 2003; Mathis et al., 2004). Because individual particles
composed of differently contrasting materials in the TEM
may be composed of different substances, we interpret these
particles to be internally mixed. The number fraction of
electron-opaque, electron-transparent, and internally mixed
particles at varying distance downwind of I-405 is presented
in Fig. 3. Most (>90%) of the electron-opaque particles were
encapsulated by electron-transparent material. The encap-
sulated particles included aggregates, spheres, and irregu-
larly shaped particles. The term ‘‘encapsulated’’ was initiated
by Fuller et al. (1999) and reiterated by Bond and Bergstrom
(2006) to describe heterogeneously internally mixed aerosol.
Encapsulated is preferred to the often-used ‘‘shell and core’’
term, since ‘‘shell and core’’ implies concentricity, while in
fact the immersed particle may be off center. Electron-
transparent material which encapsulated one or two elec-
tron-opaque particles comprised 38–62% of the total aerosol
collected. Multiple (>2) small particles included inside or on
the edge of an individual particle (electron-opaque or
-transparent) comprised 4–19% of the total. Thus, a large
number fraction (57–66%) of particles present in on- and
near-freeway samples consisted of heterogeneously inter-
nally mixed aerosol. Electron-opaque particles that were not
encapsulated were few (1–4%). Electron-transparent spheres
comprised a fairly large fraction of the total (29–39%). Thus,
most (96–99%) of the 50 nm de on- and near-freeway
particles were at least partially associated with electron-
transparent material. Khun et al. (2005) observed that most
(94%) of 40 nm de near-freeway particles were associated
with volatile material.

The number fraction of particles in given morphology
classes at increasing distance downwind of I-405 was
compared. The fraction of aggregates was significantly
greater on-freeway than 90 m downwind (p-value< 0.01)
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gates decreased with increasing distance from the freeway. The fraction at
90 m was significantly less (p¼ 0.001) than the fraction on-freeway. (b) The
fraction of particles with multiple inclusions increased with increasing
distance from the freeway. The fraction at 90 m was significantly greater
(p< 0.001) than the fraction on-freeway.
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(Fig. 4a). Since aggregates are a primary aerosol (directly
emitted), this may indicate that secondary aerosol (formed
in the atmosphere) becomes more prominent with
increasing distance from the freeway. The result is consis-
tent with the findings of Dye et al. (2000), who measured
larger fractions of aggregates near the roadway than in
urban background aerosol in Plymouth, UK. The fraction of
total aerosol present as particles with multiple inclusions
was significantly less on-freeway than 90 m downwind
(p-value< 0.01) (Fig. 4b). The increase in particles with
multiple inclusions with increasing distance from the
freeway suggests that dilution does not prevent particles
from colliding and merging. Thus, coagulation may play
a role in altering the number–size distribution and deserve
further investigation near roadways.

The above results on the change in morphology with
increasing distance from I-405 pertain to UFPs with
a narrow range of 50� 3 nm de. The total aerosol near I-405
was also sampled by the NAS to observe whether the same
trends are present over a wider diameter range. Because
the NAS collection efficiency depends on the particle
diameter, all particle sizes are not collected in the same
proportion. Particles smaller than 80 nm de are collected
with greater than 50% efficiency; and those larger than
80 nm de with less than 50% efficiency. Thus, the fraction of
particles in each size range in the samples is not equal to
the fraction present in the atmosphere. However, the total
aerosol samples collected by the NAS (which largely consist
of particles with diameters less than 80 nm de as shown in
Fig. 2) were analyzed to determine whether changes in
morphology were consistent with those for 50 nm de

particles. These results are shown in Fig. 5. The fraction of
aggregates on-freeway was much greater than the fraction
at 30 m from the freeway (Fig. 5a). This is consistent with
the results for 50 nm de particles and the trend is more
pronounced. The fraction of particles with multiple inclu-
sions on-freeway is less than the fraction at 30 m (Fig. 5b).
The increase in particles with multiple inclusions with
increasing distance from the freeway is in agreement with
the results for 50 nm de particles. Thus, the change in the
fraction of aggregates and particles with multiple inclu-
sions for near-freeway aerosol which largely consists of
particles with diameters less than 80 nm is similar to that
for 50 nm de particles.

3.4. Morphology comparison between I-405
and I-710 freeways

The fraction of 50 nm de particles in individual
morphology classes collected on I-405 was compared to
those collected on I-710 and is shown in Fig. 6. Heavy-duty
diesel traffic is greater on I-710 than I-405 (Zhu et al.,
2002b). Diesel engines emit higher number concentrations
of particulate matter (Kittelson, 1998) and larger masses of
elemental carbon (Kittelson et al., 2001) than spark-ignition
engines. Diesel exhaust particles which consist of elemental
carbon are probably present as aggregates (Kittelson, 1998;
Clauge et al., 1999; Park et al., 2004b). However, higher
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T.L. Barone, Y. Zhu / Atmospheric Environment 42 (2008) 6749–67586756
fractions of aggregates were present on I-405, which is
mostly traveled by gasoline powered vehicles. The result is
consistent with a recent single particle mass spectral study
which showed that elemental carbon particles dominated
gasoline emitted UFP number concentrations (Sodeman
et al., 2005). In addition, the most abundant diesel exhaust
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classes on I-405 and I-710. The fraction of aggregates (black bar) on I-405
was greater than that on I-710. The fraction of particles with multiple
inclusions (grey bar) was greater on I-710 than I-405.
particles may have larger diameters than spark-ignition
exhaust particles (Maricq et al.,1999; Morawska et al.,1998;
Holmes et al., 2005). Thus, diesel exhaust may contribute
fewer 50 nm de aggregates than spark-ignition exhaust. A
higher fraction of particles with multiple inclusions was
present on I-710 than I-405. This may be due to differences
in meteorological conditions and traffic density. During
sampling on I-710, the wind was weaker than during the I-
405 sampling; wind speeds were 2.6 mph on I-710 and
6.6 mph on I-405. In addition, UFPs were more abundant on
I-710 (8.55�104 # cm�3) than I-405 (4.88� 104 # cm�3).
Vehicle-emitted particles may have experienced less dilu-
tion and a greater residence time in a concentrated plume
for coagulation to occur. Additional studies in varying
meteorological conditions and traffic densities are needed
to test the above explanation. Similar to I-405, most elec-
tron-opaque particles (aggregates, spheres, and irregularly
shaped) on I-710 were encapsulated by electron-
transparent material. This suggests that a large fraction of
50 nm de particles on I-710 was heterogeneously internally
mixed. In addition, most (>90%) 50 nm de particles
collected on I-710 were at least partially associated with
electron-transparent material, consistent with observa-
tions on I-405.

4. Conclusions

The spatial variation of atmospheric UFP morphology
was investigated near a major Los Angeles freeway by
selecting particles with a narrow range of electrical
mobility diameters with a DMA and collecting samples for
TEM analysis using the NAS. Calculations based on theory
suggest an aggregate and a sphere would not be differen-
tially collected by diffusion and thus, their disproportionate
collection may not result. In addition, from estimates of the
Stokes number, inertial impaction is not expected to
contribute significantly to the collection of particles with
spherical and aggregate morphology. However, because
these predictions have not been tested experimentally, we
do not compare fractions of particles in different
morphology classes. Instead, we compare the fraction of
particles in a given morphology class at distances from the
freeway.

The change in the fraction of particles present in a given
morphology class with distance from I-405 was investi-
gated to gain insight on the aerosol mechanisms involved
in altering the number–size distribution. For samples
collected on- and near-I-405, most electron-opaque parti-
cles (aggregates, spheres, irregularly shaped) were encap-
sulated by an electron-transparent material. This may
provide evidence that the 50 nm de near-freeway aerosol
was largely internally mixed. Measurements of individual
particle chemical composition would be valuable for eval-
uating mixing properties in a future study. The fraction of
aggregates measured on I-405 was significantly greater
than the fraction at 90 m (p-value< 0.01). Aggregates are
a primary aerosol and their relative decrease may indicate
that secondary aerosol becomes more abundant downwind
of the freeway. The fraction of particles with multiple
inclusions measured on I-405 was significantly less than
the fraction at 90 m (p-value< 0.01). Despite dilution of the
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exhaust plume downwind of the freeway, particles may
collide and merge causing an increase in the fraction of
particles with multiple inclusions. Thus, coagulation may
play a role in altering the particle size distribution. Future
studies are needed which compare the spatial variation of
near-freeway UFP morphology at varying meteorological
conditions and traffic densities.
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